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Experimental Section 

Materials: PbI2 (>99%), PbBr2 (>99%), FAI (Formamidinium iodide, >99%), and CsI (>99%) were 

purchased from Xi’an Polymer Light Technology. N, N-dimethylformamide (DMF, >99.9%), 

dimethyl sulfoxide (DMSO, >99.9%), and NbCl5 (99.9%) were obtained from Alfa Aesar. Spiro-

OMeTAD was purchased from Borun New Material Technology. TiCl4 (99.9%) was purchased 

from Aladdin. All the materials were directly used without further purification. Fluorine-doped tin 

oxide on glass (FTO glass, square resistance: 6-8 ohm/sq, Haze: 11-17%) was obtained from Asahi 

Glass Co., LTD (AGC). 

Fabrication of single-junction devices: FTO glasses were ultrasonically cleaned using acetone, 

ethanol, and deionized water, respectively. Then they were dried with nitrogen stream and cleaned 

by UVO light for 10 min immediately before use. The Nb doping TiO2 (Nb/Ti = 0.05, mol/mol) 

layer (30-40 nm) was prepared by the chemical bath deposition method (0.2 M TiCl4 aqueous 

solution with NbCl5 hydrochloric acid (38%) solution (0.18 g/ml) at 70 °C for 76 min) according 

to the previous report [1]. 

1.5 M CsxFA1-xPb(IyBr1-y)3 perovskite precursor solution was made by dissolving different ratio of 

CsBr, FAI, PbI2, and PbBr2 into the mixed solvent of DMF and DMSO (Volume ratio of DMF: 

DMSO is 4: 1), the solution was stirred at 50 °C for 3 h till completely dissolved and filtered using 
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a 0.22-µm PTFE filter before use. Spin-coating plus vacuum method was applied for preparing 

perovskite films in glovebox, while the fabrication details can be seen in our previous repot, 

specifically, 50 μL of the precursor solution was dropped on TiO2 substrates and spin-coated at 

4000 rpm for 10 s, afterwards, they were transferred into a chamber connected to a rotary vane 

vacuum pump (vacuum capacity: 16 m3/h), we subsequently opened the valve of the pump and the 

pressure of the chamber rapidly dropped, when the color of the wet film changed, the pump was 

closed and the chamber was rapidly purged. The substrate was subsequently transferred to a 

hotplate and annealed at 130°C for 15 min. The hole transporting layer (HTL) was prepared by 

spin coating at 4000 rpm for 30 s using a chlorobenzene solution by dissolving 90 mg spiro-

OMeTAD in 1 ml chlorobenzene with the addition of 45 µl Li-TFSI/acetonitrile (170 mg/ml) and 

75 µl KF209/acetonitrile (100 mg/ml), and 10 µl TBP. Finally, 100 nm of gold was prepared by 

thermal evaporation.

Fabrication of Tandem devices: The silicon heterojunction cells (SHJ) was fabricated as follows: 

An n-type, 280-μm-thick, front-side polished and rear-side textured, float-zone wafer was used as 

the starting substrate. The wafers were cleaned using the standard RCA process, and the resulting 

oxides were removed by dipping in diluted hydrofluoric acid immediately before a-Si:H deposition. 

The a-Si:H, doped p, and n type layers were prepared in three separate chambers of the RFPECVD 

system to avoid cross contamination. On the front-side of the wafer, 20-nm ITO tunnel junction 

layers were prepared using sputtering deposition. The back contacts were formed through 

sputtering of 80 nm ITO and thermal evaporation of 600 nm Al.

The perovskite top cell was then deposited onto the ITO intermediate recombination layer using 

the following process: The substrates were cleaned using a 20-min UV-O3 treatment. Subsequently, 

SnO2 solution (2.67%, diluted by water) was spin-coated on the substrate at 4,000 r.p.m. for 30 s, 

and annealed in ambient air at 150 °C for 30 min. Before it was transported into the N2 glove box, 

treating with UV-O3 for 20 min. Then 1.5 M precursor solution of the Cs0.15FA0.85 Pb(I0.8Br0.2)3 

perovskite absorber layer was fabrication on SnO2 substrates. GuABr solution was dissolved in 

IPA with a concentration of 1 mg/mL and spin-coated onto the perovskite surface at a spin rate of 

5000 r.p.m. for 30 s without annealing. The hole transport layer was deposited on top of the sample 

layer at a spin rate of 5000 r.p.m. for 30 s using spiro-OMeTAD solution, which consisted of 72.3 

mg spiro-OMeTAD, 35 μL bis(trifluoromethane) sulfonimide lithium salt (LiTFSI) stock solution 

(260 mg LiTFSI in 1 mL acetonitrile), 30 μL 4-tertbutylpyridine and 1 mL chlorobenzene. For the 

front transparent electrode, 12 nm thick MoOx buffer layer was thermally evaporated on the 

substrate in a vacuum chamber at a base pressure around 2×10-4 mbar and deposition rates of 0.1 

Å/s. Then the top contact was formed by 100 nm IZO deposited using RF magnetron sputtering in 

a KJLC Lab-18 sputtering system at room temperature without further annealing of the sample. 

The square resistance was ~50 Ω/sq measured by four-point probe. The RF power during the film 

deposition was 40 W. Gold electrode was thermally evaporated on the top through a shadow mask 



defined a frame around the transparent cell with the area of 0.5091 cm2. Finally, a light management 

antireflective foils of polydimethylsiloxane (PDMS) polymer with pyramid size of 3-5 µm was put 

on the top of the active area.

Films and device characterization: The XRD spectra of annealed perovskite films were obtained 

using a D/max 2500 PC X-ray diffractometer with Cu, Ka radiation (Rigaku Corporation). The 

SEM images were obtained by using a field-emission scanning electron microscope (S-4800. 

Hitachi Corporation). The root mean square (RMS) was measured using a Contour GT noncontact 

three-dimensional (3D) profilometer (Bruker Corporation). The absorption spectra were measured 

using an UV-Vis spectrometer (UV-2600, Shimadzu Corporation). The J-V characteristics of 

photovoltaic cells were measured by a Keithley 2400 source and the solar simulator with standard 

AM 1.5 G (100 mW/cm2, SSF5-3A: Enlitech). The light intensity was calibrated by applying an Si 

reference cell with a KG5-filter (SRC-2020-KG5-RTD, Enlitech), The J-V curves were measured 

by forward (-0.1 V to 1.5 V forward bias) or reverse (1.5 V to -0.1 V) scans; the step was 0.02 V; 

the delay time between steps was 50 ms. The incident photon-to-current conversion efficiency 

(IPCE) was measured using an EnliTech IPCE measurement system (QE-R3011, Enli Technology 

Co., Ltd.). An 8-degree angle integral total reflection was measured by the same system. A 3*3-

mm metal mask was used for the IPCE and J-V measurement. Photoluminescence decay kinetics 

were measured using the F900 Edinburgh Instruments time-correlated single photon counting 

fluorescence spectrometer. Semiconductor diode laser EPL-470 emitting 72 ps pulses at 470 nm 

was utilized in transient measurements for sample excitation. The pulse repetition rate was 500 

kHz (2µs) and the time resolution of the setup was about several hundreds of picoseconds by 

applying apparatus function deconvolution. 

For the characterization for tandem devices, J-V curves of solar cells were measured at 25 °C under 

the AM 1.5G (100 mW/cm2) illumination. Unless specified, bias scan from 2.0 V to 0 V firstly 

(reverse scan) and return back (forward scan) with a voltage step of 40 mV and delay time 0.05 s. 

The spectral response was taken by external quantum efficiency (EQE) measurement system 

(QEX10, PV Measurement) in the wavelength from 300 to 1200 nm with a scanning step of 10 nm. 

Xenon arc lamp was used as the monochromatic light excitation source and filtered by a double 

grating. The frequency of monochromatic light was around 80 Hz. Each individual sub-cell in the 

tandem must be electrically isolated to obtain an EQE spectrum. The top cell was measured by 

saturating the bottom cell with infrared light (> 800 nm), whereas the bottom cell was measured 

by saturating the top cell with blue light (400-500 nm).
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Fig. S1. Schematic illustration depicting the fabrication process of perovskite films passivated with GuaBr.

Fig. S2. XRD patterns of as-prepared perovskite films containing an initial amount of PbI2 excess before 
and after GuaBr passivation.



Fig. S3. Surface SEM images of as-prepared perovskite films (a) and GuaBr treated perovskite films (b). 
(c-d) Schematic diagram showing the proposed change of cross sectional structures after GuaBr coating.

Samples Voc
(V)

Jsc
(mA/cm2)

FF 
(%)

PCE 
(%)

Cs0.15Br0.3 1.188 19.96 76.9 18.23

1 mg 1.209 20.24 80.4 19.67 

3 mg 1.232 19.91 77.1 18.91

5 mg 1.233 19.72 76.9 18.70 

7 mg 1.234 19.43 75.0 17.99

Fig. S4. J-V curves of PSCs employing different concentration of GuaBr.



Fig. S5. J-V curves of the champion cells based on Cs0.15Br0.3 with and without GuaBr under forward scan.
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Fig. S6. Photoluminescence decay kinetics of the pristine and GuaBr treated CsxBr1-y perovskite films 
obtained at different aging times. 



Table S1. Summary of the fitting parameters for the PL decay kinetics of the pristine and GuaBr treated 
CsxBr1-y perovskite films. 

Time, h Sample A1, % 1, ns A2, % 2, ns
0 h Ref 46.8 5.7 53.2 153.9
0 h 1mg/mL 58.5 9.7 41.5 152.1
0 h 3mg/mL 46.0 40.5 54.0 158.9
50 h Ref 61.0 12.0 39.0 166.8
50 h 1mg/mL 58.8 20.0 41.2 135.8
50 h 3mg/mL 60.9 29.4 39.1 148.7
200 h Ref 56.1 10.2 43.9 90.9
200 h 1mg/mL 65.3 14.9 34.7 138.0
200 h 3mg/mL 51.7 27.3 48.3 126.0
600 h Ref 74.0 8.3 26.0 97.6
600 h 1mg/mL 70.2 12.3 29.8 135.1
600 h 3mg/mL 63.3 17.7 36.7 128.3
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Fig. S7. Voltage-dependent photoluminescence decay kinetics of the pristine and GuABr treated CsxBr1-y 

perovskite devices obtained at different aging times under light illumination at room temperature conditions.
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Fig. S8. Voltage-dependent photoluminescence decay kinetics of the pristine and GuaBr treated CsxBr1-y 
perovskite devices obtained at different aging times under light illumination at 85°C temperature conditions.



Fig. S9. Statistical analysis of the photovoltaic parameters obtained for Cs0.15FA0.85Pb(IyBr1-y)3 cells 
presented in Table S1, with (filled symbols) and without (open symbols) GuaBr treatment. 

Fig. S10. Statistical analysis of the photovoltaic parameters obtained for CsxFA1-xPb(I0.7Br0.3)3 cells 
presented in Table S2, with (filled symbols) and without (open symbols) GuaBr treatment.



Table S2. Photovoltaic performance of cells prepared with Cs0.15FA0.85Pb(Iy Br1-y)3 and varying y values.

Samples Voc (V) Jsc (mA/cm2) FF (%) PCE 
(%)

y=0.9  (average) 1.094 22.67 75.5 18.71

  (Champion) 1.103 22.70 76.5 19.16 

 y=0.9+GuABr     (average) 1.128 22.67 78.4 20.05

 (Champion) 1.129 22.54 80.1 20.39 

y=0.8  (average) 1.127 21.28 76.6 18.37 

  (Champion) 1.136 21.30 78.2 18.92 

 y=0.8+GuABr     (average) 1.156 21.34 77.9 19.22 

 (Champion) 1.159 21.32 78.8 19.49 

y=0.7  (average) 1.179 19.80 76.5 17.86 

  (Champion) 1.188 19.96 76.9 18.23 

 y=0.7+GuABr     (average) 1.212 19.93 78.7 19.02 

 (Champion) 1.209 20.24 80.4 19.67 

y=0.6  (average) 1.193 18.08 75.6 16.30 

  (Champion) 1.203 18.39 75.3 16.67 

 y=0.6+GuABr     (average) 1.204 18.02 77.5 16.81 

 (Champion) 1.201 17.99 79.2 17.10 



Table S3. Photovoltaic performance of cells prepared with CsxFA1-xPb(I0.7 Br0.3)3 and varying x values. 

Samples Voc (V) Jsc (mA/cm2) FF (%) PCE 
(%)

x=0.1  (average) 1.169 20.31 77.6 18.41 

 (Champion) 1.176 20.36 78.6 18.83 

 x=0.1+GuaBr     (average) 1.193 20.38 79.1 19.23 

(Champion) 1.202 20.78 79.1 19.75 

x=0.15  (average) 1.179 19.80 76.5 17.86 

 (Champion) 1.188 19.96 76.9 18.23 

x=0.15+GuaBr  (average) 1.212 19.93 78.7 19.02 

(Champion) 1.209 20.24 80.4 19.67 

x=0.2  (average) 1.189 19.19 76.2 17.38 

 (Champion) 1.198 19.50 76.6 17.88 

 x=0.2+GuaBr     (average) 1.218 19.28 78.3 18.40 

(Champion) 1.225 19.47 79.1 18.86 

x=0.25  (average) 1.192 18.39 75.2 16.48 

 (Champion) 1.203 19.03 75.6 17.31 

y=0.25+GuaBr     (average) 1.207 18.48 77.5 17.29 

(Champion) 1.218 18.85 77.2 17.74 



Table S4. Photovoltaic performance of Si/perovskite tandem cells.

Voc (V) Jsc (mA/cm2) FF (%) PCE 
(%)

Control-Forward 1.858 17.70 69.74 22.93

Control-Reverse 1.839 17.75 62.14 20.29

Control-Average 1.831 16.52 66.58 19.72

GuaBr-Forward 1.915 17.33 72.33 24.01

GuaBr-Reverse 1.885 17.39 64.78 21.23

GuaBr-Average 1.895 16.16 69.72 21.89

Control GuaBr Control GuaBr

Control GuaBr Control GuaBr

Fig. S11. Statistical analysis of the photovoltaic parameters obtained for the Si/perovskite tandem cells.



Table S5. Summary of 2 terminal perovskite (n-i-p structure)/ Silicon tandem solar cells reported so far.

Voc (V) Jsc (mA/cm2) FF (%) PCE (%) Ref
1.58 11.5 75.0 13.7 2
1.64 15.3 64.8 16.3 3
1.71 15.5 71.0 18.8 4
1.79 14.0 79.5 19.9 5
1.70 15.3 79.2 20.6 6
1.68 16.1 78.0 21.0 7
1.65 16.1 79.9 21.2 8
1.83 16.7 70.0 21.3 9
1.69 15.8 79.9 21.4 10
1.84 15.2 77.3 21.6 11
1.74 16.2 78.0 21.9 12
1.75 16.9 74.2 21.9 13
1.66 16.5 81.1 22.2 14
1.75 16.8 77.1 22.7 15
1.75 17.6 73.8 22.8 16
1.73 16.5 81.0 23.1 17
1.78 17.8 75.0 23.7 18
1.76 17.8 78.1 24.5 19
1.92 17.3 72.3 24.0 This work

Table S6. Summary of n-i-p type single junction perovskite solar cells (Eg ≥ 1.63 eV and PCE > 15%)

Perovskite PCE

(%)

VOC 

(V)

JSC

(mA/cm2)

FF

(%)

Eg 

(eV)
Ref.

Rb0.05(FA0.75MA0.15Cs0.1)0.95PbI2Br 15.90 1.12 19.40 73.0 1.73 [20]

FA0.83Cs0.17Pb(I0.6Br0.4)3 16.28 1.16 18.27 78.5 1.75 [21]

FA0.85Cs0.15Pb(I0.73Br0.27)3 18.13 1.24 19.83 73.7 1.72 [22]

FA0.8Cs0.2Pb(I0.7Br0.3)3 18.27 1.25 18.53 79.0 1.75 [23]

FA0.17Cs0.83PbI2.2Br0.8 18.60 1.24 19.80 75.0 1.72 [24]

K0.1(Cs0.06FA0.79MA0.15)0.9Pb(I0.4Br0.6)3 17.50 1.23 17.90 79.0 1.78 [25]

FA0.83Cs0.17Pb(I0.6Br0.4)3 17.80 1.23 18.34 79.0 1.75 [26]

Cs0.17FA0.83PbI2.2Br0.8 18.60 1.27 19.30 77.4 1.72 [27]

Cs0.12MA0.05FA0.83Pb(I0.6Br0.4)3 19.10 1.25 19.00 81.5 1.74 [28]

Rb5(Cs5MAFA)95Pb(I0.83Br0.17)3 21.60 1.24 22.80 81.0 1.63 [29]

FA0.83Cs0.17Pb(I0.6Br0.4)3 17.00 1.20 19.40 75.1 1.74 [30]

Cs0.2FA0.8Pb(I0.75Br0.25)3 20.70 1.22 21.20 80.5 1.65 [31]

BA0.09(FA0.83Cs0.17)0.91Pb(I0.6Br0.4)3 17.30 1.18 19.80 73.0 1.72 [32]

FA0.15Cs0.85Pb(I0.73Br0.27)3 18.10 1.24 19.83 73.7 1.72 [33]

FA0.83Cs0.17Pb(I0.6Br0.4)3 19.50 1.31 19.30 78.0 1.72 [34]

Rb0.05Cs0.095 MA0.1425 FA0.7125PbI2Br 17.10 1.21 18.00 78.9 1.72 [28]

Cs0.25FA0.75Pb(I0.8Br0.2)3 20.04 1.13 21.69 82.0 1.65 [25]



Cs0.05MA0.15FA0.8Pb(I0.75Br0.25)3 19.80 1.20 21.60 76.6 1.68 [26]

FA0.83Cs0.17Pb(I0.80Br0.20)3 19.24 1.22 20.38 77.2 1.68 [27]

Cs0.15FA0.85Pb(I0.7Br0.3)3
19.67 1.21 20.24 80.4 ~1.7

This 

work
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